Abstract: Previous pulse-width measurement methods for ultrashort laser pulses have broadly employed nonlinear effects; thus any of these previous methods may experience problems relating to nonlinear effects. Here we present a new pulse-width measuring method based on the linear selfdiffraction effect. Because the Talbot effect of a grating with ultrashort laser pulse illumination is different from that with continuous laser illumination, we are able to use this difference to obtain information about the pulse width. Three new techniques-the intensity integral technique, the intensity comparing ratio technique, and the two-dimensional structure techniqueare introduced to make this method applicable. The method benefits from the simple structure of the Talbot effect and offers the possibility to extend the measurement of infrared and x-ray waves, for which currently used nonlinear methods do not work.
Introduction
Previous ultrashort laser pulse-width measuring methods have employed nonlinear effects, and as a result the optical setups of the previous methods are always complex. For example, the earliest popular autocorrelation method [1] requires that three sensitive degrees of freedom (C) 2002 OSA 7 October 2002 / Vol. 10, No. 20 / OPTICS EXPRESS 1099 be carefully adjusted: two spatial and one temporal. Also, to satisfy the phase-matching condition, the SHG crystal must be made very thin, leading to a weak signal. To yield the full intensity and phase of the pulse, frequency-resolved optical gating (FROG) [2] has been developed. Because an autocorrelator is employed in FROG, it inherits the drawbacks mentioned above. Other measuring apparatuses add more alignment degrees of freedom. An increase in system complexity leads to spending more time on adjusting and maintaining the alignment, decreasing the accuracy, and increasing the expense. The recently reported method of grating-eliminated no-nonsense observation of ultrafast incident laser light e-fields (GRENOUILLE) [3] combines several functions into just four devices. But when the complexity is diminished, the sensitive range is also lessened, to where 50-200 fs is needed for high accuracy. There are also problems relating to the nonlinear crystal: the detectable wavelength must be within the transparent area of the crystal, and the intensity of the laser must be carefully controlled to generate a sufficient nonlinear signal [4] but not too strong to cause laser damage. To overcome the drawbacks of nonlinear methods, some linear measuring methods are also introduced. But their resolution is usually inadequate for pulse widths below 100 fs. For example, the time-to-frequency conversion method has a resolution of 3 ps [5] , and the all-electronic method put forward by S. Prein et al. can achieve an accuracy of~50 fs [6] . The illumination of an ultrashort-pulsed laser beam is not monochromatic but includes a spectrum distribution. In this case the total field in an observation plane is a coherent superposition of the contribution from each frequency component. On this basis, Jiang et al. [7] and Gu and Gan [8] studied the diffraction characteristics of different apertures illuminated with ultrashort laser pulses, and Wang et al. [9, 10] studied the Talbot effect under ultrashort-pulse illumination in both the temporal and the spatial domain. In this paper we study this subject further, and on this basis we propose a completely new method of ultrashort laser pulse measurement. Because ours is a linear diffraction measuring method, it avoids all the drawbacks relating to nonlinear effects and nonlinear crystals. We introduce three new techniques to improve this method for application: the intensity integral technique makes the detection more accurate, the intensity comparing ratio technique avoids the task of intensity calibration, and the two-dimensional structure technique enhances the accuracy and enlarges the range of application. Taking advantage of the Talbot effect, our method's optical setup is believed to be the simplest of any current pulse-width measuring method. It should be noted that this method cannot obtain the full characteristics of a pulse with a square-law detector [11] . Nevertheless, it gives us the possibility to detect pulses of any wavelength, especially for those wavelengths where nonlinear crystals are hard to find. 
Talbot effect under ultrashort-pulse illumination

Theory
When a grating is illuminated with monochromic coherent light, exact images of the grating are shown in the periodic distances λ
where λ is the wavelength, d is the period of the grating, and n is an integer. This effect is called the Talbot effect, and the distance is the nth Talbot distance [12] . The optical setup for ultrashort-pulse illumination is shown in Fig. 1 .
A grating is illuminated by the ultrashort laser, and a detector is placed at a certain distance z after the grating. Without loss of generality, the ultrashort laser pulse can be assumed to take a Gaussian shape in time [8-10]
where 0 ω denotes the central frequency of the pulse and τ ∆ denotes the full width at halfmaximum of the pulse [8] [9] [10] . The distribution in the frequency domain
is the Fourier transform of ) (t r , which can be expressed as
(
The diffraction intensity distribution of pulsed light waves in free space can be described by the Fresnel diffraction formula. Under paraxial approximation and for an incident illumination of a given frequency ω , it can be expressed as
where
is the wavelength of the incident light.
are the amplitude distribution in the diffraction plane and in the observation plane, respectively. A rectangular grating is used to study the diffraction feature of the ultrashort-pulse beam. The grating can be expressed as 
where ω π λ / 2 c = is the wavelength of the frequency parameter ω . The illumination of an ultrashort pulse can be treated as a summation of coherent monochromic beams, with the central frequency 0 ω . In this sense, the diffraction pattern can be regarded as the summation of a series of monochromatic components. The amplitude distribution of ω in the frequency domain can be expressed as
( 6 ) The intensity distribution on the imaging plane can be expressed as [9, 10] 
Numerically solving Eq. (8), we can obtain the distribution of
. Because a shorter pulse has a larger frequency range, a greater distortion of energy distribution occurs as compared with that of continuous-wave illumination. We can also increase the distortion by increasing the Talbot number n . The distortion is what we can use to detect the pulse width.
A Ti:sapphire laser is usually used to generate the ultrashort pulse, which has a central wavelength of 0 800 nm λ =
. Figure 2 gives the intensity profile of pulses with different widths across three periods at the Talbot distance 0 z , here 5000nm,n=1 800nm,n=1 40eV,n=100
Intensity (a.u.)
x/d Since the basis of this method is linear diffraction, this method can also be used in infrared and x-ray pulse-width detection. Figure 3 illustrates the Talbot ultrafast effect of different wavelengths. From Figs. 2 and 3 we can obtain that ) 0 ( I and ) 2 / (d I are always extreme points, because of symmetry. This gives us the extra advantage of being able to locate these two points precisely.
Techniques
We introduce three techniques to make this method applicable for practical use:
The first is the intensity integral technique. The casual error makes the detection of point intensity inaccurate. We define
Because the casual error is averaged by the integration, a more reliable result can be obtained with this technique.
The second approach is the intensity comparing ratio technique. Let us define
( 1 0 ) We can obtain the relationship between ) ( τ ∆ S and τ ∆ through numerical simulation.
From the comparison, the common factor is eliminated, and thus the complex calibration work is avoided. Then we can obtain the pulse width by finding the corresponding point in the ( S curve should be monotonic; a linear shape with a large slope is preferred. From Fig. 4 we can see that although the trends of τ τ ∆ ∆) ( S curves are linear, there are ripples in the τ τ ∆ ∆) ( S curves when τ ∆ exceeds 20 fs. Thus this method is ideal for pulse widths of less than 20 fs with a high accuracy. The ripples can lead to a relative large error, e.g., a maximum of 9 fs (relative error 0.107) for M = 2 and 6 fs (relative error 0.085) for M = 3 within 20-100-fs detection. The error can be greatly reduced by use of the following two-dimensional structure technique. The relative FROG and GRENOUILLE errors are 0.031 and 0.013, respectively [3] . This method's error tends to decrease with the decrease of the detected pulse width. In contrast, for nonlinear effects the error is usually increased with the decrease of pulse width. Note that in Eq. (10) the integral limits are not constrained; proper choice of integral limits can make the curve more linear. The third is the two-dimensional structure technique. To detect the pulse width accurately, a two-dimensional grating with different opening ratios at x and y dimensions can be employed, as shown in 1-100 fs) is achieved; (2) because the wavelength sensitivity range is related to the period of the grating, we can adopt different periods in the two coordinates to enlarge the sensitivity range. In other words, these three techniques work together to make this method more reliable. In summary, since this method avoids the nonlinear effect, it leads to a simple structure and has a low energy requirement and no wavelength limitation. Compared with other linear pulse-width measuring methods, this method has a much higher accuracy, especially for pulse widths below 20 fs. The Gaussian wave-shape assumption of the ultrashort laser pulse is well accepted and can be chosen for other assumptions such as 2 sech . Remarkably, in this method many freedoms such as the grating, the comparing area, and the detecting distance are not constrained; they can be chosen for adaptation for different pulses. For example, the grating can be any complex pattern to improve accuracy, and a phase grating can be used instead of the amplitude grating to enhance efficiency. 
Conclusion
Most traditional pulse-width measuring methods employ the nonlinear effect. The drawback of the nonlinear effect is that it requires a complex optical setup, which makes the system difficult to establish and maintain. Other problems relating to nonlinear crystals are also present, such as the wavelength sensitivity and intensity limits. Although some linear methods exist for this task, their accuracy is usually too low for an ultrashort pulse with a pulse width of less than 100 fs. By means of the Talbot effect under ultrashort-pulse illumination, we propose a novel method of measuring the pulse width of ultrashort laser pulses based on the linear diffraction effect. Thus our method avoids all the drawbacks mentioned above. Meanwhile, it can be easily realized with the simple structure of the Talbot effect. Unlike other methods, our method is more sensitive to shorter pulses, because shorter pulses have wider spectra. Three new techniques are presented to improve this method for practical application: the intensity integral technique can obtain more accurate intensity values, the intensity comparing ratio technique can avoid the difficulty task of intensity calibration, and the two-dimensional structure technique can obtain higher accuracy and enlarge the sensitivity range. More importantly, this method can be employed in the pulse-width detection for any wavelength, provided that Fresnel diffraction theory works. Typically, this method can be employed in infrared and x-ray cases, for which nonlinear methods fail to work for lack of a proper nonlinear medium.
